0.013). Significant associations were also found between the alcohol-dependent subjects with Korsakoff's psychosis and the BanI RFLP (P = 0.039) and the AlwNI RFLP (P = 0.003). Haplotype analysis also provided evidence of association when all alcohol-dependent subjects (P = 0.013) and the subjects with Korsakoff's psychosis (P = 0.007) were compared with controls. Our findings provide evidence for a role for the GABA A receptor subunit cluster on chromosome 5q33 in susceptibility to the alcohol dependence syndrome and Korsakoff's psychosis.
Introduction
Genetic components are involved in the development of the alcohol dependence syndrome. 1 That the alcohol dependence syndrome runs in families has long been recognised. For example, the risk of developing alcohol dependence is increased three to fourfold in sons and daughters of alcoholics. 2 Although clustering in families does not prove that genetic factors are acting, further support is derived from adoption and twin studies. Most twin studies have found increased concordance rates of alcohol dependence in monozygotic (MZ) twins when compared with dizygotic (DZ) pairs. [3] [4] [5] Furthermore, adopted away children of alcohol-dependent subjects raised separately from their biological parents show a three to fourfold higher risk of alcohol dependence. 6 Benzodiazepines and ethanol share many pharmacological properties and display cross-tolerance. Diazepam and chlordiazepoxide, agonists at the GABA/benzodiazepine receptor complex, are used to prevent alcohol withdrawal phenomena. In addition, animal studies show that both ethanol and lorazepam produce GABA A receptor down-regulation. 7 However, little is known about the specific role of the GABA A receptor in alcohol drinking behaviour.
To elucidate the role of the GABA A receptor subunits in alcohol dependence syndrome in humans, we identified two novel genetic polymorphisms at the GABA A ␤2 8 and GABA A ␣6 9 receptor subunit genes; these were then examined together with a NciI RFLP at the GABA A ␥2 receptor subunit gene 10 in patients with alcohol dependence syndrome and controls.
Patients and methods
This study was approved by the Ethics Committee of the Bethlem Royal Hospital and the Maudsley Hospi-tal, London and the Gartnaval Royal Hospital, Glasgow. Informed consent was obtained from each subject.
Patients
One hundred and eight cases (91 males and 17 females) meeting DSM-III-R criteria for alcohol dependence syndrome were recruited from psychiatric hospitals in Paisley, Greenock, Glasgow and Edinburgh, Scotland. Among these alcohol-dependent subjects, 44 were diagnosed with Korsakoff's psychosis, an alcoholinduced memory impairment.
11 Fifty-four unrelated controls (29 males and 25 females) were collected from the local blood transfusion service without further screening for alcohol dependence. For alcohol-dependent subjects with Korsakoff's psychosis, the age at recruitment ranged from 39 to 78 years and the average age was 61.1 ± 9.2 (mean ± SD); for alcohol dependence without Korsakoff's psychosis, the age ranged from 19 to 75 years with the average age of 41.7 ± 10.7; for controls, the age at recruitment ranged from 19 to 61 years (35.5 ± 11.6).
Experiments
Non-isotope single stranded conformation polymorphism (SSCP) analysis was used to screen for genetic polymorphisms at the GABA A ␤2 and GABA A ␣6 receptor subunit genes. Methylmercury (II) hydroxide, a strong denaturant was used to denature 10 l of PCR product as described elsewhere. 12 The samples were then chilled to 4°C before loading on a 20 × 20 cm, 12% non-denaturing polyacrylamide gel (49:1, thickness of 0.8 mm, with 4% glycerol). The denatured PCR product was loaded onto the gel and electrophoresed at 120 V for 18-24 h at 6-8°C, stained with ethidium bromide and visualised by UV light transillumination. When polymorphisms were detected, the sequence variation was characterised by DNA sequencing (ABI 377 sequencer, Perkin-Elmer, Norwalk, CT, USA), using rhodamine dyes. Whenever possible, a restriction fragment length polymorphism (RFLP) assay was derived to facilitate genotyping.
GABA A ␤2 polymorphism Two primers, 5Ј-TCT GAG GCT GTG ATG GGA CTT GGA G-3Ј and 5Ј-GGT ATT TTA GCG TCA CTT TTG TCC TGG AT-3Ј, derived from the cDNA of the GABA A ␤2 receptor subunit gene, 8 were used to amplify a specific region of 401 bp from nucleotide 1356 to nucleotide 1756. The 30-l PCR contained PCR buffer, 2.5 mM MgCl 2 , 0.25 mM dNTPs (Promega, Madison, WI, USA), 30 pmol of each primer, 1 unit of DNA Taq polymerase (Promega) and 25 ng of genomic DNA. The PCR conditions were 95°C (30 s), 58°C (30 s) and 72°C (40 s) for 40 cycles, using a DNA engine (PTC-200, MJ Research, Watertown, MA, USA). An initial 4-min denaturation at 95°C and a final extension of 10 min at 72°C were performed. A silent exonic gCt → gTt substitution (Ala → Ala) at nucleotide 1412 was found by SSCP analysis. Alternatively, this polymophism can be detected by an artificial BanI RFLP, as shown in Figure  1 . A modified forward primer, 5Ј-AAG CAC AAT GCT GABA A ␣6 polymorphism Two primers, 5Ј-GGA GGC ACC AGT AAA ATA GAC CAG-3Ј and 5Ј-AAT ACT GAA CAA TGG AAG ACA AAA G-3Ј, derived from the cDNA map of the GABA A ␣6 receptor subunit gene 9 were used to amplify a specific region of 423 bp from nucleotide 1260 to nucleotide 1682. The 30-l PCR contained PCR buffer, 2.5 mM MgCl 2 , 0.25 mM dNTPs (Promega), 30 pmol of each primer, 1 unit of DNA Taq polymerase (Promega) and 25 ng of genomic DNA. After an initial 4-min denaturation at 95°C, there followed 40 cycles of 95°C (30 s), 56°C (30 s) and 72°C (40 s) with a final extension of 10 min at 72°C. A point substitution at nucleotide 1519 (T → C) in the 3Ј-non-coding of the GABA A ␣6 receptor subunit gene was identified by SSCP analysis. This polymorphism can also be genotyped using AlwNI which cuts at CAG ȫ NNN ȫ CTG, creating two fragments of 257 bp and 166 bp, as shown in Figure 2 .
The NciI RFLP is created by modifying the third nucleotide from the 3Ј-end of the forward primer, from A → C (5Ј-AGA AAT TTA CCA ACT GGT CTA GCC ϭ GG-3Ј), thus creating a restriction site for NciI for the point substitution at nucleotide 3145 (G → A). The design of this artificial RFLP was not noted in the previous report. 10 The reverse primer is 5Ј-AAA TCA AAT ATT GTG TCA TGC TTA GT-3Ј. These primers amplify a specific region of 287 bp from nucleotide 3119 to nucleotide 3405 in the intronic region. The 30-l volume PCR contained PCR buffer, 2.5 mM MgCl 2 , 0.25 mM dNTPs (Promega), 30 pmol of each primer, 1 unit of DNA Taq polymerase (Promega) and 25 ng of genomic DNA. After an initial 4-min denaturation at 95°C, there followed 40 cycles of 95°C (30 s), 50°C (30 s) and 72°C (40 s) with a final extension of 10 min at 72°C. The PCR fragment was then digested with NciI which cuts at CC ȫ CGG, creating two fragments of 263 bp and 24 bp. The RFLP fragments were analysed by 2.5% agarose gel electrophoresis.
Statistics
The 2 test was used to compare allelic frequencies. Haplotyping by the EH program 13 was used to compare the associations between the genetic polymorphisms and the alcohol dependence syndrome; no specific model (dominant, recessive, additive, etc) of inheritance was adopted.
14 The method ignores the complexities of the underlying genetic model and treats the data as an ordinary contingency table. Odds ratios and confidence intervals for the haplotyping data were determined using the method recommended by Collet.
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Results
The frequencies of the genotypes for these polymorphisms in the control sample did not deviate from that expected according to Hardy-Weinberg equilibrium (BanI RFLP, P = 0.464; AlwNI RFLP, P = 0.604; NciI RFLP, P = 0.121).
Genotype frequencies of the genetic polymorphisms at the GABA A ␤2, GABA A ␣6 and GABA A ␥2 receptor subunit genes are summarised in Table 1 . When compared with controls, an association between the BanI RFLP at the GABA A ␤2 receptor subunit gene was found with the alcohol dependence syndrome (all alcoholdependent subjects) (P = 0.015); a significant association was also demonstrated in the Korsakoff's psychosis subgroup (P = 0.039). Allelic distribution of the AlwNI RFLP at the GABA A ␣6 receptor subunit gene was associated with alcohol dependence syndrome (all alcohol-dependent subjects) (P = 0.013) and alcohol dependence syndrome with Korsakoff's psychosis (P = 0.003) but not alcohol dependence syndrome without Korsakoff's psychosis (P = 0.122). No differences were found in the allelic frequencies of the NciI RFLP at the GABA A ␥2 receptor subunit gene.
Evidence for association was also found when haplotypes were considered at the BanI RFLP and AlwNI RFLP. An association with alcohol dependence (all alcohol-dependent subjects) (P = 0.013) was identified, the strongest evidence being seen in the alcohol dependence syndrome with Korsakoff's psychosis (P = 0.007). Nearly 70% of the alcohol-dependent subjects with Korsakoff psychosis (30 of 44) carry the allele-C at the BanI RFLP and allele-T at the AlwNI RFLP whilst 62% of all alcohol-dependent subjects (67 of 108), and 45% of the controls (24 of 54) carry these alleles. When the other three haplotypes were merged and compared with the haplotype containing allele-C at the BanI RFLP and allele-T at the AlwNI RFLP, the odds ratio was 2.7 (95% C.I. = 1.16, 6.13) between the subjects with Korsakoff's psychosis and controls, and 2.0 (95% C.I. = 1.05, 3.96) between all alcohol-dependent subjects and controls. No association was found in the alcohol dependence syndrome without Korsakoff's psychosis (P = 0.13). The haplotyping results are summarized in Table 2 .
Discussion
A recent genome scan using a linkage approach in families with alcohol dependence, indicated several regions of significant linkage when the inheritance of low P3 voltage of ERP (event-related potentials, a physiological marker for alcoholism, 16, 17 was examined in the Collaborative Study on the Genetics of Alcoholism Study (COGA). 18 These are on chromosome 2 (LOD = 3.28), 6 (LOD = 3.41); chromosome 5 and 13 yielded LOD scores above 2.0. This low P3-related region on chromosome 5 is most likely located at 5q13-14 (GDB) which does not correspond with the GABA A ␤2, and GABA A ␣6 genes located at 5q33 and are within 1 cM. 19 The inter-marker spacing of the microsatellite markers used in this COGA research is about 20 cM and does not permit accurate localization. Another autosomewide linkage study in an American Indian population has identified two loci for alcohol dependence on human chromosome 4 and 11. A LOD score of 2.8 was Significant P values are in bold. reported with the marker D4S3242 on chromosome 4 near the GABA A ␤1 subunit gene, 20 thus highlighting the possible importance of GABA A subunit genes in the development of alcohol dependence. In our current study, the most convincing association was demonstrated in the subgroup of alcohol dependence with Korsakoff's psychosis. Although the main etiological factors of Korsakoff's psychosis are known to be alcohol specific neurotoxicity, lack of thiamine and liver failure secondary to alcoholic cirrhosis, the biological mechanisms involved remain unclear. 21 In addition, association studies have also suggested that the genetic contribution to Korsakoff's psychosis involves multiple genes, including transketolase 22 and Apolipoprotein E. 23 Our study provides evidence that GABA A subunit genes on 5q33 also play a role in the pathogenesis of this alcohol-induced memory impairment. Research using interbred strains of C57BL/6J and 129/SvJ to study the GABA A ␣6 gene knockout reported no effect in any aspect of behavioral responses to ethanol (ethanol clearance, acute functional tolerance, withdrawal hyperactivity testing and protracted tolerance testing). 24 However, as mentioned by the authors, these two strains were different in the basal and ethanolinduced handling-induced convulsions (HIC) activity which might confound these results. In addition, such handling-induced convulsions may not be related to alcohol withdrawal syndrome. It is generally thought that the phenotype of handling-induced convulsions which has been used as an index of acute alcohol withdrawal, 25 represents a general susceptibility to seizures and is unrelated to alcohol dependence.
The usefulness of association studies using cases and unrelated controls has been strongly questioned and the values of non-functional single nucleotide polymorphisms debated (see reviews by Kidd 26 and Crowe 27 ). Nevertheless, it is worth nothing that functional polymorphisms, possibly causing amino acid changes which confer a predisposition to alcohol dependence syndrome, may be in linkage disequilibrium with the genetic markers used, which therefore manifests a significant association with the disorder. Furthermore, recent studies have demonstrated that sequences not located at the intron/exon borders, regulate the RNA splicing process. 28 These include several silent exonic polymorphisms [29] [30] [31] [32] [33] which do not confer an amino acid change.
There are differences in the average age of the samples. For example, that of the Korsakoff's psychosis is higher than the other groups. Age itself might contribute to the pathogenesis of Korsakoff's psychosis and therefore, confound the results.
In summary, we have identified and characterized two novel polymorphisms in GABA A ␤2 and GABA A ␣6 receptor subunit genes on human chromosome 5q33, and found that these polymorphisms are associated with both alcohol dependence and Korsakoff's psychosis in a Scottish population. The strongest association was between the AlwNI RFLP and Korsakoff's psychosis. It is most likely that the allele-C at the BanI RFLP (GABA A ␤2 receptor subunit) and allele-T at the AlwNI RFLP (GABA A ␣6 receptor subunit) are in linkage disequilibrium with functional polymorphisms that contribute to the development of alcohol dependence and to the pathogenesis of Korsakoff's psychosis. Further studies are required to replicate these preliminary findings.
